Properties of Solids: Superconductivity

Experiment objectives: study behavior of a high temperature superconducting material Yttrium-Barium-
Copper-Oxide (YBCO, Y BasCusO7) in magnetic field, measure the critical temperature for a phase tran-
sition in a superconductor.

History

Solids can be roughly divided into four classes, according to the way they conduct electricity. They are: Met-
als, Semiconductors, Insulators and Superconductors. The behavior of these types of materials is explained
by quantum mechanics. Basically, when atoms form a solid, the atomic levels of the electrons combine to
form bands. That is over a finite range of energy there are states available to electrons. Since only one
electron can occupy a given state, the Pauli Exclusion Principle, electrons will fill these states up to
some maximum, the Fermi Energy: Ef. A solid is a metal if it has an energy band which is not full; the
electrons are then free to move about, making a metal a good conductor of electricity. If the solid has a
band which is completely full, with an energy gap to the next band, that solid will not conduct electricity
very well, making it an insulator. A semiconductor is between a metal and insulator: while it has a full band
(the valence band), the next band (the conduction band) is close enough in energy and so that the electrons
can easily reach it. Superconductors are in a class by themselves. They can be metals or insulators at room
temperature. Below a certain temperature, called the critical temperature, the electrons ”pair” together
(in Cooper pairs) and travel through the solid without resistance. Current in a superconductor below the
critical temperature will travel indefinitely without dissipation.

Superconductivity was discovered in 1911 by H. Onnes. He discovered that simple metals (Pb, Nb)
superconduct when placed in liquid helium (4 K). This was an important discovery, but the real excitement
came in 1986 when Swiss scientists discovered that certain ceramics would superconduct at 35 K. Several
groups later discovered materials that would superconduct at temperatures up to 125 K. These materials are
called high temperature superconductors (HTS). Their discovery was a breakthrough, because this means
that these superconductors will work in liquid nitrogen (at 77 K), which is relatively cheap and abundant.

Some fascinating facts about superconductors: they will carry a current nearly indefinitely, without resis-
tance. Superconductors have a critical temperature, above which they lose their superconducting properties.

Another striking demonstrations of superconductivity is the Meissner effect. Magnetic fields cannot
penetrate superconducting surface, instead a superconductor attempts to expel all magnetic field lines. It is
fairly simple to intuitively understand the Meissner effect, if you imagine a perfect conductor of electricity.
If placed in a magnetic field, Faraday’s Law says an induced current which opposes the field would be setup.
But unlike in an ordinary metal, this induced current does not dissipate in a perfect conductor. So, this
induced current would always be present to produce a field which opposes the external field. In addition,
microscopic dipole moments are induced in the superconductor that oppose the applied field. This induced
field repels the source of the applied magnetic field, and will consequently repel the magnet associated
with this field. Thus, a superconductor will levitate a magnet placed upon it (this is known as magnetic
levitation).

Safety
e Wear glasses when pouring liquid nitrogen. Do not get it on your skin or in your eyes!

e Do not touch anything that has been immersed in liquid nitrogen until the item warms up to the room
temperature. Use the provided tweezers to remove and place items in the liquid nitrogen.
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Figure 1: The superconducting disk with leads.

e Do not touch the superconductor, it contains poisonous materials!.

e Beware of the current leads, they are carrying a lethal current!

Experimental procedure

Equipment needed: YBCO disc, tweezers, styrofoam dish, small magnet.

Magnetic Levitation (the Meissner effect)

1. Place one of the small magnets (provided) on top of the superconducting disc at room temperature.
Record the behavior of the magnet.

2. Using the tweezers, place the superconducting disk in the styrofoam dish. Attach the thermocouple
leads (see diagram) to a multimeter reading on the mV scale. Slowly pour liquid nitrogen over the
disk, filling the dish as much as you can. The nitrogen will boil, and then settle down. When the
multimeter reads about 6.4 mV, you are at liquid nitrogen temperature (77 K).

3. After the disc is completely covered by the liquid nitrogen, use the tweezers to pick up the provided
magnet and attempt to balance it on top of the superconductor disk. Record what you observe.

4. Try demonstrating a frictionless magnetic bearing: if you carefully set the magnet rotating, you will
observe that the magnet continues to rotate for a long time. Also, try moving the magnet across the
superconductor. Do you feel any resistance? If you feel resistance, why is this.

5. Using tweezers, take the disk (with the magnet on it) out of the nitrogen (just place it on side of disk),
allowing it to warm. Watch the thermocouple reading carefully, and take a reading when the magnet
fails to levitate any longer. This is a rough estimate of the critical temperature. Make sure you record
it!

6. Repeat the experiment by starting with the magnet on top of the superconductor disc and observe if
the magnet starts levitating when the disk’s temperature falls below critical.

Measuring resistance and critical temperature

We will measure the resistance by a four probe method, as a function of temperature. Using four probes
(two for current and two for voltage) eliminates the contribution of resistance due to the contacts, and is
good to use for samples with small resistances. Connect a voltmeter (with 0.01 mV resolution) to the yellow
wires. Connect a current source through an ammeter to the black wires. Place a current of about 0.2 Amps



(200 mA) through black leads. Note: DO NOT EXCEED 0.5 AMP!!!! At room temperature, you
should be reading a non-zero voltage reading.

1. With the voltage, current and thermocouple leads attached, carefully place disk in dish. Pour liquid

nitrogen into the dish. Wait until temperature reaches 77 K.

. With tweezers, take disk out of nitrogen and place on a side of the dish. Start quickly recording the

current, voltage and thermocouple readings as the disk warms up. When superconducting,
the disk should have V=0 (R=0). At a critical temperature, you will see a voltage (resistance) appear.

. Repeat this measurement several time to acquire significant number of data points near the critical

temperature (6.4-4.5 mV). Make a plot of resistance versus temperature, and make an estimate of the
critical temperature based on this plot.

Resistivity of another material: silicon (a semiconductor)

1. Place a piece of silicon between alligator clips, attached to a multimeter reading resistance (k€2 to M

range). Treat it gently- it breaks easily. Record the room temperature resistance.

. Dunk the silicon in liquid nitrogen. Wait until it stops boiling. Record the resistance at this low
temperature (=77 K).

. Take the silicon out of the nitrogen and carefully set it down. Record the resistance as the temper-
ature increases. Make a plot of the measured resustance vs temperature. Compare two plots for the
superconductor and the silicon, and explain the differences.

Conversion from mV to Kelvin

°K 0 1 2 3 4 5 6 7 8 9 10 °K
60) 760 783 746 740 733 726 719 7.12 705 699 692 60
70] 692 685 678 6.71 664 656 649 642 637 633 629 70
80| 629 625 621 617 613 609 605 6.01 597 593 590| 80
90| 590 58 583 579 575 5672 6568 564 560 556 552]| 90
100] 552 548 544 541 5.\37 534 530 527 523 520 5.16] 100
110] 616 513 509 506 502 499 495 491 488 484 481| 110
120| 481 477 474 470 467 463 460 456 453 449 446 120
130 446 442 439, 435 432 428 425 421 418 414 411 130
140 411 407 404 400 397 383 390 38 383 379 376| 140
150 376 373 369 366 363 360 356 353 350 347 343| 150
160| 343 340 337 334 330 327 324 321 318 315 3.12] 160
170 312 309 306 3.03 300 297 294 291 288 285 282 170
180| 282 279 276 273 270 267 264 261 258 253 252| 180
190 252 249 246 243 240 237 234 231 229 226 223| 190
2000 223 220 217 214 211 208 205 202 199 196 1.93| 200
210 193 190 187 184 1.81 178 175 172 169 166 164| 210
2201 164 161 159 156 154 151 149 146 144 141 139] 220
230 139 136 134 131 129 126 124 121 119 116 1.14] 230
240 114 11 109 1.07 104 102 099 097 094 092 0.89]| 240
250| 089 087 084 082 079 077 074 072 069 067 065| 250
260 065 062 060 058 055 053 050 048 045 042 040] 260
270| 040 038 036 034 032 030 028 0.26 024 022 020] 270
2801 020 018 016 0.14 012 010 0.08 0.06 004 002 0.00]| 280
290| 000 -002 004 006 -008 -010 -012 -014 016 -0.18 -020]| 290
300] 020 022 024 026 028 030 -032 -034 -036 -038 -040 300




